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Phase Error Detector for a QAM Receiver 



Prior Art 



The present invention concerns a phase error detector for a QAM receiver in which all QAM 
signal states that are present are stored and each of the QAM signal states lying in a complex signal 
state plane is surrounded by a decision region and the phase error detector detects, by threshold value 
decisions, in which decision region of a QAM signal state a complex received signal state broken 
down into its in-phase and quadrature-phase signal components falls and it forms a phase correction 
' signal for the carrier phase of the received signal as a fimction of the detected decision region. Such a 
phase error detector is known from DE 36 19 744 Al . 

Standard phase error detectors for QAM (quadrature-amplitude modulated) signals, which are 
i«-Ialso the point of departure in DE 36 19 744 Al, possess, in addition to the reference lock-in point at 
J^'a phase error of (p = 0, additional undesired zeros in their phase characteristics, which can lead to 
IB lengthened synchronization times and to synchronization in unsuitable phases. For example, phase 
1 0 characteristics of such standard phase error detectors are shown in Figure 4 for 16-QAM, 32-QAM, 
^ 64-QAM and 120-QAM, which have several undesired zeros, in addition to the one at the lock-in 
O point <p = 0. An algorithm for a phase error detector is described in DE 36 19 744 Al, whose phase 
riJ characteristic no longer has the interfering zeros. However, the method described in DE 36 19 744 
Ji{ Al has properties that have proven disadvantageous in practical systems. The slope of the static 
phase characteristic is an important dimensioning parameter for the phase control loop of carrier 
recovery in a QAM receiver. The slope of the static phase characteristic at the lock-in point in the 
known method is heavily dependent on the signal-to-noise ratio of the received signal: it is small at a 
poor signal-to-noise ratio and tends toward infinity at a good signal-to-noise ratio. This strong 
variation of slope of the phase characteristic makes good dimensioning possible only with significant 
compromises. Moreover, all other standard phase error detectors based on the sign operations of the 
decision error, also possess this property. 

Moreover, the static phase characteristics formed by known phase error detectors only make a 
statement concerning the average behavior of a phase error detector. During locking-in of a phase 
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control loop, i.e., on transition from the lock-in phase to the foUowup phase, the average behavior 
does not play much of a role, but a uniformly good contribution of all QAM signal states does. 

The underlying task of the invention is to offer a phase error detector of the type just 
mentioned that generates a phase correction signal in such a way that its phase characteristic has no 
undesired zeros. 



Advantages of the Invention 

The mentioned task is solved with the features of Claim 1, in that several algorithms are 
available to the phase error detector for calculation of the phase correction signal. Which of the 
available algorithms is chosen for calculation of the phase correction signal depends on the decision 
region of the complex QAM signal state plane into which a received signal state broken down into 
its in-phase and its quadrature phase signal component falls. Five different algorithms for calculation 
i of the phase correction signal are given in Claim 1 . Owing to the fact that the phase correction signal 
' is not calculated according to the same algorithm for all decision regions, as in the prior art, but 
^ different algorithms are available, a phase characteristic can be implemented that no longer has 
i undesired zeros, on the one hand, and guarantees uniform contribution of all QAM signal states, on 
the other hand. Which algorithm is the most suitable for which decision region can be determined 
empirically. 

Advantageous modijQcations of the invention according to Claim 1 are apparent from the 
subclaims. 

Drawing 

The invention is further explained below with reference to a practical example depicted in the 
drawing. In the drawing: 

Figure 1 shows a block diagram of a QAM receiver, 

Figure 2 shows a complex QAM signal state plane. 

Figure 3 shows several phase characteristics of phase detectors designed according to the 
invention and 

Figure 4 shows several phase characteristics of standard phase error detectors. 
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Description of a Practical Example 

A block circuit diagram of a QAM receiver is shown in Figure 1 . The QAM receiver consists 
of an in-phase signal branch and a quadrature-phase signal branch. A mixer MI is situated in the in- 
phase signal branch and a mixer MQ in the quadrature-phase signal branch. These two mixers MI 
and MQ convert the received signal ES, which is divided on both signal branches, into the base band. 
The reference frequency for the two mixers MI and MQ is delivered by a voltage-controlled 
oscillator VCO. The reference frequency signal generated by this voltage-controlled oscillator is fed 
; :, from one of the two mixers to a 90° phase shifter PS, so that the reference frequencies of the two 
mixers MI and MQ have a mutual phase offset of 90°. The output signal of mixer MI, which 
represents the in-phase signal component ZI of a received signal state, and the output signal of mixer 
MQ, which represents the quadrature-phase signal component ZQ of a received signal state, are fed 
g to a phase error detector PFD. This phase error detector PFD, as described in detail below, generates 
[1 a phase correction signal S that serves as confrol signal for the voltage-confroUed oscillator VCO. 

The following equations will clarify how the phase error detector determines, from the 
111 individual received signal state with the in-phase signal component ZI and the quadrature-phase 
. " signal component ZQ, the phase correction signal S that represents the offset of the carrier phase of 
H the received signal relative to the phase of the reference frequency signal generated by the voltage- 
fll controlled oscillator VCO. The phase error detector PFD calculates the phase correction signal S 
g I according to a widely known method according to equation (1). 
W S = FQZI-FIZQ (1) 

FI and FQ are the decision errors, which, as expressed in equation (2), are the offsets of the 
in-phase signal component ZI and the quadrature-phase signal component ZQ of the received signal 
state relative to the in-phase component AI and the quadrature-phase component AQ of the QAM 
signal state for which the phase error detector PFD decided that this is the transmitted signal state 
emitted by a transmitter. 

FI = ZI-AI 

FQ = ZQ-AQ (2) 



3 
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During transmission of the transmitted signal state without distortion, the received signal 
state Z = ZI + jZQ is only rotated by an angle cp relative to the transmitted signal state A = AI + jAQ, 
This is expressed by equation (3). 

Z = Ae"* - (AI + jAQ) (cos(p + jsincp) (3) 
The function shown in equation (1) is not often used to calculate the phase correction signal, 
but rather the sign version according to equation (4), which requires no demanding multipUcation. 
S = FQ sign(ZI) - FI sign(ZA) (4) 
The static phase characteristic is the average of all possible QAM transmitted signal states, as 
shown in equation (5). 

S((()) = E(FQ sign(Zf) - FI sign(ZQ)) (5) 
Because of equation (2), the following applies to the quadrature component of the decision 

error: 

FI = AI cos(p - AO sincp - AI 
FO = AQ coscp - AI sm<p - AO (6) 
With (6), the following appUes for the phase correction signal S according to (1). 
S = (AQ cos(p + AI sincp - AQ) (AI coscp - AQ sintp) - 
(AI cos<p-AQ sincp - AI) (AQ coscp + AI sincp) (7) 
With this phase correction signal with E(A^) = 1 , a static phase characteristic line is obtained 
according to equation (8). 

S(<p) = -cos<p sincp + sincp coscp — sirup — cos<p sincp — sin<p coscp — sincp = 2 sincp 

(8) 

This calculation of the static phase characteristic, however, presimies validity of equation (2), 
i.e., an error-free coordination of the received signal state to the transmitted signal state. For QAM 
signal constellations, this means a restricted validity range dependent on the modulation method of 
the phase characteristic according to equation (8), for example [-45°, +45°] for 4-QAM, 
[-16.5°, +16.5°] for 16-QAM, etc. 

Phase characteristics according to the sign version according to equation (4) do not have a 
sinusoidal trend in the vaUdity region, but a linear trend. Phase characteristics for 16-QAM, 
32-QAM, 64-QAM and 128-QAM receivers are shown in Figure 4, which calculate the phase 

4 
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correction signal in the standard method according to equation (5). hi all four modulation methods, 
undesired zeros, i.e., false lock-in points, are present; they are most clearly apparent in 32-QAM. In 
this modulation method, the longest residence times in the undesired phase positions are also foimd. 

In order to avoid undesired zero transitions in the phase characteristic, five different 
calculation methods for the phase correction signal are available to the phase error detector: 

51 =FQf(ZI)-FIf(ZQ) 

52 = ±2 FQ f(ZI) 

53 = ±2 FI f(ZQ) (9) 

54 = ±2ZIZQ 

55 = 0 

In the four calculation methods SI to S4, the following applies for the functions f(ZI) and 

f(ZQ): 

55 f(ZI) = ZI and f(ZQ) = ZQ 

H or 

CO f(ZI) = sign(ZI) and f(ZQ) = sign(ZQ) 

iJI Which one the five calculation methods S 1 to S5 is used for the phase correction signal of the 

*^ phase error detector depends on the decision region of a QAM signal state in which a complex 
O received signal state broken down into its in-phase signal component ZI and its quadrature-phase 

ill 

fll signal component ZQ falls. 

J- I In allocating the calculation methods S 1 to S 5 to the individual decision regions, the fractions 

f of all transmitted symbols are considered individually on the static phase characteristic. Thus, for 
example, there are precisely 16 different transmission symbols A(i), i = 1 ... 16 and therefore 
1 6 fractions S(i) in 1 6-Q AM modulation, which on average then form the static phase characteristic 
S: 



1 16 

ID (0) 



(10) 



In order to obtain a favorable trend for the phase characteristic S, the transmission symbols 
A(i) that possess a negative range S(i) < 0 for positive angles cp > 0 or a positive range for a negative 
value are identified in the first step. In this case, the method SI, i.e., the standard method, is initially 
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presumed for all decision regions. These regions then lead in equation (10) to the undesired zeros in 
the overall behavior of the phase correction characteristic S. In the second step, the decision regions 
that yield the undesired correction information in the corresponding transmission symbol A(i) are 
then determined. In the third step, it can be tested whether one of the methods S2 or S3 brings a 
desired improvement. After processing of all transmission symbols and all decision regions, an 
improvement of the trend of the phase characteristic is generally estabUshed. However, it can happen 
that the improvement is still not sufficient. For the remaining regions S(i) < 0 for cp > 0, or S(i) > 0 
for 9 < 0, the methods S4 and S5 are then used, but in which only as many decision regions are 
, ■ ■. chosen until the desired zeros have rehably disappeared in the phase characteristics. Methods S4 and 
'* S5 are therefore used with restraint, because they cause a deformation (although a slight one) of the 
static phase characteristic at the lock-in point. The method described here is expediently performed 
with computer support, but in which some decisions must be made empirically. 
tt The complex signal state plane of a 1 6-QAM system is shown in Figure 2 as an example. The 

C3 indices I of the in-phase signal component run from 0 to 4 on the abscissa of the coordinate system 
m of the complex QAM signal state plane and the indices Q of the quadrature-phase signal components 
also run from 0 to 4 on the ordinate of the coordinate system. The 16 square points in the signal state 
plane correspond to the 16 QAM transmitted signal states, and the three thin concentric circles on 
which the square points lie are the tracks of the received signal states with deficient carrier phase 
synchronization. The squares that enclose the signal states (square points) are referred to as decision 
regions. The phase error detector PFD determines, by threshold value decision, in which decision 
region of a certain QAM signal state a complex received signal state broken down into its in-phase 
signal component ZI and its quadrature-signal component ZQ falls. The direction and strength of the 
phase correction information calculated by the phase error detector are shown by the color (black, 
white) and size of the circles drawn in Figure 2. Black circles produce a phase correction in the 
positive direction (counterclockwise) and white circles in the negative direction (clockwise). Large 
circles correspond to a strong correction, small circles to a weak correction. In the eight fields 
marked 0, no correction information at all is generated (corresponds to method S5). 

The thickly bordered decision regions in Figure 2 experience a modification relative to the 
known standardized phase error detection. Different calculation methods according to equation (9) 
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are used for them for the phase correction signal. The indices I and Q, which describe the position of 
the decision region, are shown in the following table in the section 16-QAM. In addition, for each 
decision region, i.e., for each combination I/Q, the calculation method selected from the five 
calculation methods SI to S5 is performed. For example, for the decision regions 0/3 and 3/0, the 
value 0 is required there, which corresponds to method S5. In regions 0/4, 1/4, 4/0 and 4/1, the 
correction information is constant; this correspond to calculation method S4. In the two decision 
regions 1/3 and 3/1 , the phase correction information is only dependent on a decision error FI or FQ, 
which is expressed in Figure 2 by orientation of the point size parallel to the axis; calculation 
methods S2 and S3 come into play here. 

Why the choice just described of different calculation methods SI to S5 leads to an 
improvement for the phase correction signal of static phase characteristics with undesired zeros can 
be explained as follows: 

}Z The four outer decision regions 0/4, 1/4, 4/0 and 4/1 are clearly in tiie phase correction 

information. It therefore makes sense to choose for these cases the maximum value established by 
03 the control region. However, not all decision regions whose correction information is clear may be 
i p treated in this manner, because the trend of the static phase characteristic should to be distorted as 
m little as possible in the vicinity of the origin (finite slope of the phase characteristic at the lock-in 
; point (p - 0). For this reason, for example, the regions 0/1 and 1/0 are unchanged. 

The regions 0/3 and 3/0 yield false correction information for the specific phases, because a 
i high uncertainty exists on the average circle with reference to the actually transmitted signal state, 
fy Filtering out these decision regions is essential and accordingly these regions are marked with a zero 
in Figure 2 for which calculation method S5 is considered. 

The two regions 1/3 and 3/1 are encountered either in the lock-in phase of a rotating comer 
point or in the follow-up of an adjacent noise-affected received signal state. In the first case, these 
decision regions fiunish correct phase correction information and in the second case, insignificant 
information. In order for these decision regions to yield the highest possible phase correction 
information in the furst case and the least possible phase correction information in the second case, 
only one quadrature component FI or FQ of the decision error is evaluated according to the 
calculation method S2 or S3. 
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The following tables can also give the decision regions for the individual calculation methods 
SI to S5 for 32-QAM, 64-QAM and 128-QAM systems. 



16-QAM 



1^ 



Index I 


Index Q 


Method 


3 


0 


S5 


0 


3 


S5 


3 


1 


S3 


1 


3 


S2 


4 


0 


S4 


0 


4 


S4 


4 


1 


S4 


1 


4 


S4 


All others 


All others 


SI 


32-QAM 


Index I 


Index Q 


Method 


3 


0 


S5 


0 


3 


S5 


4 


0 


S3 


0 


4 


S2 


4 


2 


S3 


2 


4 


S2 


5 


1 


S3 


1 


5 


S2 


5 


2 


S4 


2 


5 


S4 


All others 


All others 


SI 
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64-QAM 



Index I 


Index Q | 


Method 


3 


0 


S5 


0 


3 


S5 


4 


0 


S3 


0 


4 


S2 


4 


2 


S3 


2 


4 


S2 


5 


1 


S3 


1 


5 


S2 


5 


2 


84 


2 


5 


S4 


7 


3 




3 


7 


S2 


8 


2,3,4,5 


S4 


2,3,4,5 


8 


S4 


9 


0, 1,2,3,4 


S4 


0, 1,2,3,4 


9 


S4 


All others 


All others 


SI 



ffl 

b 



Translated by: 

TCA-Translation Co. of America 
10 West 37th Street 
New York, N.Y. 10018 



(212) 563-7054 



TCA Translation 



TCA Translation 



128-QAM 



ill 



Index I 


Index Q 


Method 


3 


0 


S5 


0 


3 


S5 


4 


0 


S3 


0 


4 


S2 


4 


2 


S3 


2 


4 


S2 


5 


1 


S3 


1 


5 


S4 


5 


2 


S4 


2 


5 


S4 


7 


3 


S3 


3 


7 


82 


8 


5 


S5 


5 


8 


S5 


9 


3 


S3 


3 


9 


S2 


9 


7 


S5 


7 


9 


85 


9 


8 


85 


8 


9 


85 


10 


2 


85 


2 


10 


85 


10 


7 


S5 


7 


10 


85 


10 


8 


85 


8 


10 


S5 


11 


5 


S3 


5 


11 


82 


11 


6 


84 


6 


11 


84 


12 


3 


S4 


3 


12 


84 


12 


4 


84 


4 


12 


84 


All others 


All others 


1 



With the depicted allocations of the different calculation methods SI to S5 for the phase 
correction signal, we obtain for the 6-QAM, 32-QAM, 64-QAM and 128-QAM systems the phase 
characteristics shown in Figure 3, which have an unaltered trend at the lock-in point (p = 0 and no 
undesired zeros. 
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Claims 

1 . Phase error detector for a QAM receiver in which all QAM signal states present are 
stored and each of the QAM signal states lying in a complex signal state plane is enclosed by a 
decision region and the phase error detector, by threshold value decisions, detects in which decision 
region of a certain QAM signal state a complex received signal state broken down into its in-phase 
(ZI) and its quadrature-phase signal component (ZQ) falls and forms as a function of the detected 
decision region a phase correction signal (S) for the carrier phase of the received signal (ES), 
characterized by the fact that 

- the phase error detector (PFD) calculates the phase correction signal (S) according to the 
detected decision region according to one of the following methods: 

51 =FQf(ZI)-FIf(ZQ) 

52 = ±2FQf(ZI) 
O S3=±2FIf(ZQ) 
5 S4 = ±2ZIZQ 
W 85 = 0 

IJj in which ZI and ZQ are the in-phase and quadrature-phase signal components of the received signal 
r states and FX and FQ the offsets of ZI and ZQ relative to the in-phase and quadrature-phase 
i^J components of the decided QAM signal state, 

ill _ and that the phase error detector (PFD) causes a coordination to the decision regions and the 

i;i individual calculation methods (S 1 to S5), so that its static phase characteristic exhibits no additional 
' zeros, except at the lock-in point in which the phase offset between the reference carrier of the 
receiver and the received signal carrier is zero. 

2. Phase error detector according to Claim 1 , characterized by the fact that the following 
applies for the calculation methods (81 to S3): f(ZI) = ZI and f(ZQ) = ZQ. 

3 . Phase error detector according to Claim 1 , characterized by the fact that the following 
applies for the calculation methods (81 to 85): f(ZL) = sign(ZI) and f(ZQ) = sign(ZQ). 
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